INTRODUCTION {#s1}
============

TDP-43 participates in several mechanisms of mRNA metabolism like pre-mRNA splicing, mRNA stability, mRNA transport and miRNA processing ([@DDU415C1]). In normal conditions, the subcellular localization of the protein is preferentially nuclear, but the presence of a nuclear localization sequence (NLS) and a nuclear export sequence in the N-terminus of the protein allow TAR DNA-binding protein (TDP-43) to shuttle between the nucleus and cytoplasm ([@DDU415C2]). Downstream of the N-terminus, the first RNA recognition motif (RRM1) is the main responsible for the binding to RNAs containing UG repetitions ([@DDU415C3],[@DDU415C4]). Very recently, our laboratory has observed that RRM1 also plays a key role in recognizing the UG-rich RNA sequences involved in the TDP-43 autoregulation mechanism ([@DDU415C5]--[@DDU415C8]). The RRM1 sequence is followed by a second RRM motif, called RRM2. The role of RRM2 in RNA binding is less known. However, it has been shown to bind nucleic acids with low affinity ([@DDU415C9]), to provide the main structural core of the protein ([@DDU415C10]) and to participate together with RRM1 in the binding of TDP-43 to UG-rich cross-linking immunoprecipitation sequences ([@DDU415C11]). Finally, the C-terminal portion of the protein includes a glycine-rich domain that has been involved in most of the protein interactions described up to now ([@DDU415C1],[@DDU415C12]--[@DDU415C14]). In this region is present a glutamine/asparagine (Q/N) prion-like domain that participates in protein--protein interactions ([@DDU415C15],[@DDU415C16]) and in the TDP-43 aggregation process ([@DDU415C16]--[@DDU415C18]).

In recent years, the observation that TDP-43 is the principal component of inclusions (aggregates) present in neurons of patients affected by amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) ([@DDU415C19],[@DDU415C20]) has resulted in further studies on this protein both at the molecular and clinical levels. From a genetic point of view, the link between this protein and the pathology has been reinforced following the discovery of \>40 disease-associated mutations localized principally in the C-terminal region of TDP-43 ([@DDU415C21]--[@DDU415C23]). However, it is important to always keep in mind that ∼95% of the patients showing TDP-43 inclusions do not carry any type of mutations in this protein. Hence, the pathological mechanisms do not necessarily require a mutation in the protein sequence to trigger aggregation.

In the affected neurons, TDP-43 aggregates localize preferentially in the cell cytoplasm and less frequently in the cell nuclei (that sometimes show complete depletion of this factor). Moreover, these aggregates are distinguished by ubiquitination, abnormal phosphorylation ([@DDU415C19],[@DDU415C20],[@DDU415C24],[@DDU415C25]) and the presence of cleaved TDP 43 C-terminal fragments (25 and 35 kDa).

Two principal hypotheses have been proposed to account for the neurodegeneration mediated by these pathological TDP-43 aggregates ([@DDU415C26]). The 'loss-of-function' hypothesis suggests that the depletion of nuclear TDP-43 following its aggregation impairs the functions in which TDP-43 is involved (mRNA splicing, mRNA transport, etc.), thus affecting the whole cell metabolism. In this case, the cytoplasmic TDP-43 aggregates act as 'sinks' retaining the protein in the cytoplasm and causing loss of function ([@DDU415C16],[@DDU415C27],[@DDU415C28]). However, it should be kept in mind that, in the first stages of disease, aggregation may even act in a protective manner. The second hypothesis, known as 'gain of function', suggests that cytoplasmic TDP-43 aggregates or the presence of missense mutations could be toxic by 'themselves' ([@DDU415C29]--[@DDU415C31]). In addition, gain-of-function effects could also originate from abnormal trapping in the aggregates of mRNAs or proteins that usually are partners of TDP-43, and thus affecting also their function.

At the moment, it is not clear which hypothesis is correct or if both mechanisms could equally contribute to disease onset/progression. To address this issue, several cellular models have been described, most of them have been developed by overexpression of different C-terminal regions of TDP-43 ([@DDU415C28],[@DDU415C32]) or by restricting the localization of TDP-43 to the cell cytoplasm ([@DDU415C27]). Some of these models have been able to reproduce aggregates, but the participation of these inclusions in mechanism of loss- or gain of functions still remains ambiguous.

Previously, we have characterized a particular structural determinant that can trigger TDP-43 loss of function/interaction with hnRNP A2 and whose minimal region corresponds to residues 342--366 of the TDP-43 C-terminal tail ([@DDU415C15]--[@DDU415C17]). In addition to these protein--protein interactions, recent studies have supported that this sequence possesses properties similar to those found in yeast prions that in response to stress can recruit the native protein into an inactive aggregate ([@DDU415C33]). A structural characterization of this Q/N prion-like region has recently shown that this segment is normally in a disordered conformation that can form β-sheet strands spontaneously over time ([@DDU415C34]), suggesting a possible TDP-43 aggregation pathway during disease. We have used tandem repetitions of the Q/N region of TDP-43 (residues 339--369)-linked enhanced green fluorescent protein (EGFP) to (EGFP-12xQ/N) ([@DDU415C16]). These aggregates were able to sequester either exogenous or endogenous full-length TDP-43 and recapitulated some properties of the inclusions observed in patients such as ubiquitination and phosphorylation at the C-terminal residues pS409/pS410. However, there was no detectable splicing function deterioration in the presence of these EGFP-12xQ/N-induced TDP-43 aggregates ([@DDU415C16]), suggesting that the aggregates were not capable of trapping enough endogenous TDP-43 to cause loss of function in the short interval measured in a cell system.

In the present work, we describe a new variant of the previous construct that is based on the TDP-43 molecule itself (or fragments of it) linked to tandem repeats of the 339--369 sequences (TDP-12xQ/N). The advantage of this model over the previous one is that induces in a highly reproducible and efficient manner aggregate formation and TDP-43 nuclear depletion. This led to a clearly visible splicing loss of function both in endogenous and exogenous (transfected) genes. To our knowledge, this is the first model of TDP-43 aggregation capable of displaying this property. As a result, this new model could have an important role in the understanding of the loss-of-function mechanisms that may arise following TDP-43 aggregation. The TDP-43 additional structural determinants for efficient aggregation were mapped to its N-terminus 75 amino acids.

MATERIALS AND METHODS {#s2}
=====================

Expression plasmids {#s2a}
-------------------

All TDP-43 plasmids prepared to generate the corresponding stable cell lines were based on pCDNA5~FRT/TO~ vector (Invitrogen). To produce the Flag-TDP-12xQ/N construct, the pFlag-TDP-43 wild-type (WT) plasmid ([@DDU415C6]) was modified by introducing an *Xho*I restriction site in position 1209 of TDP-43 by site-directed mutagenesis (Stratagene Quick-Change). The oligos used for the mutagenesis were *Xho*I_S (5′-ggaggctttggctcgagcatggattctaag-3′) and *Xho*IAS (5′-cttagaatccatgctcgagccaaagcctcc-3′). Once inserted the *Xho*I site, the Flag-TDP-43 sequence was amplified by PCR using the *Eco*RV_F (5′-aaattaagatatcatggactacaaagacgatgac-3′) and C-CMV (5′-tattaggacaaggctggtgggcac-3′) primers. The Flag-TDP-43 product was blunted and then cloned in pCDNA5~FRT/TO~ vector previously digested with *Pme*I enzyme to generate the construct pCDNA5~FRT/TO~-Flag-TDP-43. Next, the fragment containing the 12xQ/N repetitions was digested from the EGFP-12xQ/N construct ([@DDU415C16]) using *Xho*I/*Bam*HI enzymes and cloned in pCDNA5~FRT/TO~-Flag-TDP-43, generating the final construct pCDNA5~FRT/TO~ Flag-TDP-12xQ/N. Moreover, a small intron from pCI-Neo vector was cloned upstream of the resultant construct pCDNA5~FRT/TO~ Flag-TDP-12xQ/N. The intron was previously cloned in pUC vector and then digested with *Eco*RI and *Hind*III restriction enzymes to then be cloned in blunt inside the *Eco*RV site from pCDNA5~FRT/TO~ Flag-TDP-12xQ/N. In order to facilitate future cloning strategies, a *Bam*HI site contained in the intron was eliminated by site-directed mutagenesis using the forward (5′-ctcccagcggccgctaggggatactctagagtcgacctgcag-3′) and reverse (5′-ctgcaggtcgactctagagtatcccctagcggccgctgggag-3′) primers. All the Flag-TDP-12x-Q/N mutants were generated with the same procedure described before: modifications were performed in pCDNA5~FRT/TO~-Flag-TDP-43 using site-directed mutagenesis before the introduction of the 12xQ/N repetitions. The primers used to generate each mutant were as follows: Flag-TDP-12xQ/N F4L: forward (5′-aaggggttgggcttggttcgtttt-3′) and reverse (5′-aaaacgaaccaagcccaacccctt-3′); Flag-TDP-12xQ/N ΔRRM1: forward (5′-gtgaaagtgaaaagagcagtcgactgcaaacttcctaattct-3′) and reverse (5′-agaattaggaagtttgcagtcgactgctcttttcactttcac-3′); Flag-TDP-12xQ/N ΔRRM2: forward (5′-caggatgagcctttgagaagctccaatgccgaacctaagcac-3′) and reverse (5′-gtgcttaggttcggcattggagcttctcaaaggctcatcctg-3′); Flag-TDP-12XQ/N ΔN and Flag-TDP-12xQ/N ΔRRM1/2, ΔN: forward (5′-tacaaagacgatgacgacaagcttaactatccaaaagataac-3′) and reverse (5′-gttatcttttggatagttaagcttgtcgtcatcgtctttgta-3′); Flag-TDP-12xQ/N-ΔRRM1/2, ΔCterm: forward (5′-agccaagatgagcctttgagaagctttggctcgagcatggat-3′) and reverse (5′-atccatgctcgagccaaagcttctcaaaggctcatcttggct-3′).

Cell culture and transfection {#s2b}
-----------------------------

HEK293 flip-in cell line (Invitrogen) was grown in DMEM--Glutamax-I (GIBCO) supplemented with 10% fetal bovine serum (GIBCO) and Antibiotic-Antimycotic-stabilized suspension (Sigma). Plasmid transfections were carried out using Effectene Transfection reagent (Qiagen) according to the manufacturer\'s instructions. To generate the stable clones, 0.5 μg of plasmids (Flag-TDP-12x-Q/N and mutant variants) were co-transfected with 0.5 μg pOG44 vector that expresses the Flp-recombinase (Invitrogen). After co-transfection, cells were grown in DMEM--Glutamax-I supplemented with 10% fetal bovine serum, Antibiotic-Antimycotic and after 24 h the stable integration was gradually selected using 100 μg/ml of Hygromycin B (Invivogen). Once the selection was finalized, the induction of Flag-TDP-43-12x-Q/N and mutant proteins was achieved by adding 1 μg/ml of tetracycline (Sigma) at the culture medium.

NSC-34 cells were maintained in DMEM--Glutamax-I (GIBCO) supplemented with 5% fetal bovine serum (Sigma) and Antibiotic-Antimycotic-stabilized suspension (Sigma). The day before the transfection, cells were plated in six-well plates containing 1% fetal bovine serum in order to start the cell differentiation. Cells were transfected with Lipofectamine 2000 (Life Technologies) with 2 μg of each plasmid according to data sheet instructions and always maintained in differentiation conditions. After 48 h post-transfection, cells were fixed in order to perform immunofluorescence analyses.

RT-PCR and splicing assays {#s2c}
--------------------------

The reporter CFTR exon 9 minigene used in the splicing assay, pTB CFTR C155T, has already been described by Pagani *et al*. ([@DDU415C35]). When siRNA was used, 1.7 × 10^5^ HEK293 cells were plated in six-well plates (Day 0) and two rounds of TDP-43 siRNA transfections were carried out according to the procedure already described ([@DDU415C36]) on Days 1 and 2 in order to maximize TDP-43 silencing efficiency. The siRNA target sequence used to silence the endogenous TDP-43 was 5′-aagcaaagccaagaugagccu-3′. After TDP-43 silencing, the transfection of 0.5 μg of the reporter minigene CFTR exon 9 was performed on Day 3 using HiPerFect (Qiagen). Cells were harvested on Day 4 and total RNA was collected using Trizol Reagent (Invitrogen). Reverse transcription was performed using M-MLV Reverse Transcriptase (Invitrogen), according to the manufacturer\'s protocol. PCR with DNA Polymerase (Roche) was carried out for 20--25 amplification cycles (95°C for 30 s, 55°C for 30 s and 72°C for 30 s). The primers to amplify CFTR exon 9 were the following: forward (5′-caacttcaagctcctaagccactgc-3′) and reverse (5′-taggatccggtcaccaggaagttggttaaatca-3′). The primers used to test the splicing pattern of endogenous gene POLDIP3/SKAR were the following: forward (5′-gcttaatgccagaccgggagttgga-3′) and reverse (5′-tcatcttcatccaggtcatataaatt-3′). Endogenous TDP-43 was not silenced when splicing efficiency was measured following induction of Flag-TDP-43 WT, Flag-TDP-12xQ/N and the additional mutants. All PCR products were analyzed on a 1.8% agarose gels.

Co-immunoprecipitation assays {#s2d}
-----------------------------

For co-immunoprecipitation assays, HEK293 flip-in stably expressing the corresponding proteins were induced for 72 h with 1 μg/ml of tetracycline. Cells were collected in RIPA lysis buffer (50 m[m]{.smallcaps} Tris/HCl pH 7.4, 150 m[m]{.smallcaps} NaCl, 1% NP-40, 0.1% SDS, 1 m[m]{.smallcaps} EDTA pH 8, 1 m[m]{.smallcaps} PMSF, 0.5% sodium deoxycholate) supplemented with protease inhibitors (Roche, cat. 11836145001) and incubated for 30 min at 4°C. After spin down at 500 *g* at 4°C, cells were lysed by sonication. The lysates were then incubated with 40 μl of A/G plus Agarose beads (Santa Cruz) to perform a pre-clearing for 1 h at 4°C. In the meantime, an incubation of 40 μl of A/G plus Agarose beads with 5 μg of anti-Flag antibody (Sigma, F1804) was performed in RIPA buffer for 2 h at 4°C. After both incubations, the pre-cleared lysate was incubated with A/G plus Agarose beads/anti-Flag for 3 h at 4°C. Then, the beads were centrifuged and washed with PBS once for 10 min at 4°C. The beads were finally resuspended in 50 μl of resuspension buffer (50 m[m]{.smallcaps} Tris/HCl pH 7.4, 5 m[m]{.smallcaps} EDTA, 10 m[m]{.smallcaps} DTT and 1% SDS) and 20 μl of SDS 5× loading buffer were added. For mass spectrometry detection, immunoprecipitated samples were analyzed by Coomassie blue and then the selected bands were excised from the gel. In case of western blot assays, the analysis of the samples was done using the antibodies anti-Flag (Sigma, F1804), anti-TDP-43 (Protein Tech, 10782-2-AP), anti-HA (Roche, cat. 912CA5) or anti-HSP70 (Sigma, H5147). All Co-IP experiments were performed a minimum of two times and have always given a consistent result.

Immunofluorescence microscopy {#s2e}
-----------------------------

For indirect immunofluorescence, all HEK293 stable cell lines were induced with tetracycline for 72 h and the samples were processed as previously described ([@DDU415C2]). The primary antibodies used were anti-Flag (Sigma, F1804), anti-TDP-43 (Protein Tech, 10782-2-AP) and anti-Myc (Cell Signaling n.c 2272S). The secondary antibodies anti-mouse-AlexaFluor 594 (cat. A21203), anti-rabbit-AlexaFluor 488 (cat. A21200) and the dye TO-PRO3 (cat. T3605) were all purchased from Life Technologies. Cells were analyzed on a Zeiss LSM 510 Meta confocal microscope.

Cell lysate fractionation {#s2f}
-------------------------

To perform cell lysate fractionation in soluble and pellet fractions, 3 × 10^6^ cells were seeded and induced with 1 µg/ml of tetracycline for 72 h. Then, cells were collected and lysed with 1 ml of RIPA + protease inhibitor for 30 min at 4°C. After a centrifugation at 4000 rpm for 20 min, the whole supernatant was furthermore sonicated for 5 min to allow a better lysis. Then, 600 µg of cell lysate were ultracentrifuged in a clean Beckman polycarbonate thick wall Centrifuge tube (rotor type 70.1Ti) for 1 h at 25°C at 33 000 rpm. The supernatants were collected and the pellets washed twice with 100 µl of RIPA buffer. Pellets were finally dissolved in urea buffer (7 M urea, 4% CHAPS, 30 m[m]{.smallcaps} Tris, pH 8.5). To analyze each fraction by western blot, 30 μg of protein lysates were run on an SDS--PAGE gel and blotted on a nitrocellulose membrane for standard incubation procedures.

RESULTS {#s3}
=======

Generation of a cell line stably expressing exogenous TDP-43 aggregates {#s3a}
-----------------------------------------------------------------------

We have previously developed a cell-based aggregation model by cloning in-tandem 12 copies of the Q/N region from TDP-43 in the C-terminal of EGFP, resulting in the expression of a so-called EGFP-12xQ/N protein ([@DDU415C16]). In order to generally improve the aggregation process and to further study whether other regions in TDP-43 could contribute to it we considered to include the 12xQ/N repetitions into the C-terminus of the Flag-TDP-43 protein itself (Fig. [1](#DDU415F1){ref-type="fig"}A). Figure 1.(**A**) A schematic representation of the Flag-TDP-12xQ/N construct, describing all its different structural determinants. Residues 403--414 were eliminated due to cloning strategy. (**B**) An immunofluorescence of the Flag-TDP-43 WT and Flag-TDP-12xQ/N-induced proteins using anti-Flag (red) and anti-TDP-43 (green) antibodies. The cell nuclei were stained with the reagent TOPRO-3. A merge between anti-Flag/anti-TDP-43 antibodies or anti-Flag/anti-TDP-43/TOPRO-3 is also reported. (**C**) A co-immunofluorescence of differentiated NSC-34 motor neuron cell line co-transfected with constructs expressing Flag-TDP-12xQ/N and Myc-TDP-43 WT. The assay was performed using anti-Flag (red) and anti-Myc (green) antibodies. The cell nuclei were stained with the reagent TOPRO-3. A merge between anti-Flag/anti-Myc antibodies or anti-Flag/anti-Myc/TOPRO-3 is reported.

The resulting construct, Flag-TDP-12xQ/N, was then used to generate a HEK293 human kidney cell line that stably expressed one copy of the construct after tetracycline (TET) addition, in a similar way as previously described for Flag-TDP-43 WT cell line ([@DDU415C6]). [Supplementary Material, Figure S1](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu415/-/DC1) shows a western blot using an anti-Flag monoclonal antibody demonstrating that incubation of this cell line with tetracycline for 72 h induced the efficient expression of the Flag-TDP-12xQ/N protein migrating at ∼80 kDa as expected. As a control, we also induced with tetracycline a stable cell line expressing Flag-TDP-43 WT ([@DDU415C6]).

Immunofluorescence analysis of the induced cells using an anti-Flag antibody showed that the Flag-TDP-43 WT was mainly present in the cell nucleus (Fig. [1](#DDU415F1){ref-type="fig"}B). On the other hand, expression of Flag-TDP-12xQ/N protein induced the formation of inclusions mostly localized in the cytoplasm. However, in some cases, cells displaying inclusions only in the nucleus or both in the nucleus or cytoplasm were observed (Fig. [1](#DDU415F1){ref-type="fig"}B). Interestingly, in many cells no nuclear signal was present, suggesting total absence from the nucleus of TDP-43 species. In fact, staining of these cells using a commercial anti-TDP-43 antibody indicated that several cell nuclei were lacking both endogenous and exogenous TDP-43 proteins, as no positive staining for red (anti-Flag), green (anti-TDP-43) or yellow (merged anti-Flag/anti-TDP-43) was observed (Fig. [1](#DDU415F1){ref-type="fig"}B, MERGE rows).

In addition to the HEK293 cell lines, transient transfection of Flag-TDP-12xQ/N and of a Myc-tagged WT TDP-43 in differentiated motor neuron-like NSC-34 cells was also able to achieve aggregation and nuclear clearance. Interestingly, in this cell line, the induced inclusions were also present along the neuronal neurites (Fig. [1](#DDU415F1){ref-type="fig"}C).

Flag-TDP-12xQ/N expression affects the solubility properties of endogenous TDP-43 in the cellular environment {#s3b}
-------------------------------------------------------------------------------------------------------------

We then proceeded to study the solubility properties of endogenous TDP-43 in the presence or absence of induced aggregates. To do this, total protein extraction was performed using RIPA buffer after 72 h following induction of the Flag-TDP-12xQ/N effector. Subsequently, soluble (S) and insoluble (P) fractions were separated by ultracentrifugation, and the presence of endogenous TDP-43 and exogenous (Flag-TDP-12xQ/N) proteins in each fraction was analyzed by western blot using an anti-TDP-43 antibody.

In Figure [2](#DDU415F2){ref-type="fig"}, it is possible to observe that, in normal conditions, the endogenous TDP-43 is equally distributed in the soluble and insoluble fractions (Fig. [2](#DDU415F2){ref-type="fig"}, lines 1--2). Interestingly, in the presence of Flag-TDP-12xQ/N expression, the endogenous TDP-43 protein shifted almost completely into the insoluble fraction together with this mutant (Fig. [2](#DDU415F2){ref-type="fig"}, lines 3 and 4). Overexpression of TDP-43 alone does not cause aggregation/insolubilization *per se* in our stable transgenic TDP-43 in the HEK293 cells. This could have partly due to the self-regulation mechanisms that, in a situation of excess protein, shut-off the endogenous gene ([@DDU415C6]). In order to completely discard the possibility that the shift into the insoluble fraction was produced simply because of the overexpression of Flag-TDP-12xQ/N, we then performed the same experiment using a stable cell line overexpressing Flag-TDP-43 F4L. The advantage of using this particular RNA-binding mutant is that Flag-TDP-43 F4L is unable to downregulate the endogenous TDP-43 levels by the autoregulation mechanism ([@DDU415C6]). As shown in Figure [2](#DDU415F2){ref-type="fig"}, lanes 5 and 6, following TET induction both this mutant and the endogenous TDP-43 were distributed in the soluble (S) and insoluble (P) fractions in similar amounts as those observed with the endogenous protein alone (Fig. [2](#DDU415F2){ref-type="fig"}, lanes 1 and 2). There may only a slight increase of both proteins in the P fraction, but there is no sequestration of the endogenous TDP-43 in the P fraction as occurred in the presence of Flag-TDP-12xQ/N (Fig. [2](#DDU415F2){ref-type="fig"}, lines 5 and 6). Figure 2.A cell lysate fractionation of normal cells, Flag-TDP-12xQ/N HEK293 and Flag-TDP-43 F4L stable cell lines induced or not with tetracycline. The soluble (S) and insoluble (P) cell fractions were separated by ultracentrifugation, and the corresponding Flag-tagged proteins and endogenous TDP-43 were detected by western blot using an anti-TDP-43 antibody.

Flag-TDP-12xQ/N aggregates interact with HSP70 {#s3c}
----------------------------------------------

Since we have previously shown that the aggregates induced in our model are ubiquitinated similarly to those found in the brains of ALS patients, it was then of interest to determine whether aggregated TDP-43 was interacting with other cellular factors connected with this modification ([@DDU415C37]). For this reason, we have explored other protein--protein interactions of transgenic TDP-43 and their eventual presence in the aggregates. For this purpose, the Flag-TDP-43 WT transgenic cell (used as a control) and the corresponding cell line carrying the Flag-TDP-12xQ/N transgene were induced with tetracycline for 72 h. An immunoprecipitation assay was then carried out using an anti-Flag antibody, and the resulting proteins were run in a SDS--PAGE followed by staining with Coomassie Blue (data not shown) followed by mass spectrometry analysis of selected differential bands. Among the proteins that were identified in this manner, one of the most prominent interactors from the sample expressing Flag-TDP-12xQ/N was identified as HSP70, a molecular chaperone that has been observed to participate in the aggregation processes and neurodegeneration ([@DDU415C38],[@DDU415C39]). In keeping with these affinity purification results, in cells overexpressing Flag-TDP-12xQ/N the HSP70 factor was observed redistributed and co-localizing perfectly with the induced aggregates ([Supplementary Material, Fig. S2](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu415/-/DC1)). On the other hand, the subcellular localization of HSP70 in cells expressing Flag-TDP-43 WT consisted in a uniform cellular distribution ([Supplementary Material, Fig. S2](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu415/-/DC1)). The interaction between Flag-TDP-12xQ/N and HSP70 was further confirmed by co-immunoprecipitation analyses. In [Supplementary Material, Figure S3](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu415/-/DC1), in fact, it is shown that HSP70 can co-precipitate specifically with overexpressed Flag-TDP-12xQ/N, but not with Flag-TDP-43 WT. While this work was in progress, a similar observation was published by other researchers ([@DDU415C40],[@DDU415C54]).

Induced Flag-TDP-12xQ/N aggregates cause TDP-43 loss of function {#s3d}
----------------------------------------------------------------

One very important issue that remained to be evaluated was to determine whether these aggregates were able to induce loss of normal TDP-43 functions within cells.

As previously described, loss of TDP-43 function (e.g. by siRNA TDP-43 downregulation) can be easily observed using a minigene system based on the inclusion/skipping of CFTR exon 9 ([@DDU415C13],[@DDU415C35]). Therefore, cells expressing Flag-TDP-12xQ/N and Flag-TDP-43 WT (used as a control) were transfected with this minigene and after 24 h post-transfection the splicing pattern of exon 9 was evaluated by RT-PCR. In order to have a positive control of TDP-43 loss of function, we knocked down TDP-43 by transfecting siTDP-43 against this protein. Knockdown of TDP-43 resulted in the complete inclusion of exon 9 (Fig. [3](#DDU415F3){ref-type="fig"}A, compare lines 1 and 2). In keeping with expectations, the overexpression of Flag-TDP-43 WT repressed the inclusion of exon 9 (Fig. [3](#DDU415F3){ref-type="fig"}A, compare lines 3 and 4), while the overexpression of Flag-TDP-12xQ/N induced the inclusion of this exon in a similar way as the siTDP-43 treatment (Fig. [3](#DDU415F3){ref-type="fig"}A, compare lines 5, 6 with 1, 2). This last observation is compatible with loss of active nuclear TDP-43 following its aggregation in the nucleus/cytoplasm. Figure 3.(**A**) An RT-PCR assay in which it is possible to observe the splicing pattern of CFTR exon 9 minigene in the presence of Flag-TDP-43 WT or Flag-TDP-12xQ/N-induced protein. The corresponding HEK293 stable cell lines were induced or not during 48 h with tetracycline. The cells were transfected with CFTR9 minigene and maintained under induction condition for an additional 24 h. The splicing pattern (exclusion/inclusion) of exon 9 from CFTR9 minigene was evaluated by RT-PCR. In (**B**) is reported the splicing pattern of the endogenous gene POLDIP3/SKAR (exon 3) following induction of Flag-TDP-43 WT or Flag-TDP-12xQ/N protein. Exon inclusion was evaluated by RT-PCR. In both cases, the result of knocking down the endogenous TDP-43 is reported as a positive TDP-43 loss-of-function control.

Next, we extended our studies to endogenous genes like POLDIP3/SKAR, whose splicing has already been described to be affected by TDP-43 cellular levels ([@DDU415C41],[@DDU415C42]).

Regarding POLDIP3/SKAR, knockdown of TDP-43 by siRNA treatment caused the exclusion of exon 3 from the processed mRNA inducing the appearance of the variant 2 isoform (Fig. [3](#DDU415F3){ref-type="fig"}B, compare lines 1 and 2). As expected, overexpression of Flag-TDP-43 WT promoted the inclusion of POLDIP3 exon3 (Fig. [3](#DDU415F3){ref-type="fig"}B, compare lines 3 and 4). Also in keeping with expectations, the overexpression of Flag-TDP-12xQ/N enhanced the exclusion this exon in the same manner of the siTDP-43 treatment (Fig. [3](#DDU415F3){ref-type="fig"}B, compare lines 5, 6 with 1, 2).

Role of different domains from Flag-TDP-12xQ/N on TDP-43 loss-of-function effect {#s3e}
--------------------------------------------------------------------------------

It was then of interest to use this system to investigate whether other sequences/domains of TDP-43 were contributing together with the 12xQ/N to these phenomena. To understand the contribution of the different domains of TDP-43 to induce aggregation and loss of function, we generated a variety of HEK293 stable cell lines expressing different mutants of Flag-TDP-12xQ/N (Fig. [4](#DDU415F4){ref-type="fig"}A). The expression of these proteins was induced by tetracycline and 72 h later TDP-43 functionality was tested by looking at the splicing of the endogenous POLDIP3/SKAR gene both at the mRNA and protein levels (Fig. [4](#DDU415F4){ref-type="fig"}B and C, respectively, indicated as variant 1 or variant 2). Figure 4.(**A**) A schematic representation from constructs that include modifications in Flag-TDP-12xQ/N. TDP-12xQ/N F4/L (F147, 149, 229, 231/L); TDP-12xQ/N ▵RRM1/2 (deleted RMM1 and RMM2); TDP-12xQ/N ▵RRM1/2, ▵N (deleted RMM1, RMM2 and N-terminal portion); TDP-12xQ/N ▵RRM1/2, ▵C (deleted RMM1, RMM2 and C-terminal portion). In (**B**) is reported an RT-PCR indicating the splicing pattern of endogenous POLDIP3/SKAR gene (exon 3) after the induction or not of Flag-TDP-12xQ/N or its corresponding mutant proteins. (**C**) A western blot performed with an anti-SKAR antibody using proteins extracted from the same samples used in (B) The red boxes enclose the splicing and protein expression pattern of the mutant that does not induce loss of function.

As observed in Figure [4](#DDU415F4){ref-type="fig"}B, neither point mutations in both RMMs (Flag-TDP-12xQ/N F4L) nor the complete deletion of both RMMs (Flag-TDP-12xQ/N ▵RRM1/2) affected the loss of function caused by the original Flag-TDP-12xQ/N (Fig. [4](#DDU415F4){ref-type="fig"}B, compare lines 5, 6 and 7, 8; with lines 3, 4). All these mutants modified the POLDIP3 splicing pattern by excluding mainly variant 1 and leaving mainly variant 2, indicating that the RNA-binding activity of Flag-TDP-12xQ/N was not responsible of the induced loss of TDP-43 activity. The same effects could also be observed in mutants where each of the two RNA recognition motifs (RRMs) was removed separately (Flag-TDP-12xQ/N ▵RRM1, Flag-TDP-12xQ/N ▵RRM2; [Supplementary Material, Fig. S4A](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu415/-/DC1)).

Next, we evaluated whether the N-terminal or C-terminal domains from Flag-TDP-12xQ/N were necessary to cause the lack of endogenous TDP-43 activity. Thus, we performed N-terminal and C-terminal deletion from the minimal construct. Compared with full-length Flag-TDP-12xQ/N, the deletion of the C-terminal region in Flag-TDP-12xQ/N ▵RRM1/2, ▵C had little effects on its loss-of-function properties and the protein maintained its capacity to induce the generation of variant 2 (loss of function; Fig. [4](#DDU415F4){ref-type="fig"}B, compare lines 11, 12 with lines 3, 4). Interestingly, however, the deletion of the N-terminal portion (residues 1--75) completely abolished the capacity of the resulting protein (Flag-TDP-12xQ/N ▵RRM1/2, ▵N) to cause loss of function (Fig. [4](#DDU415F4){ref-type="fig"}B, compare lines 9, 10, boxed, with 3, 4), leaving the splicing pattern like in an endogenous situation (Fig. [5](#DDU415F5){ref-type="fig"}B, compare line 13 with 2). Such an effect was also observed when the expression of a Flag-TDP-12xQ/N, ▵N (containing the two RRMs) was induced ([Supplementary Material, Fig. S5B](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu415/-/DC1)). The observed changes on POLDIP3 mRNA splicing were further confirmed at the protein level by performing western blot assay using an antibody that detects the two variants of this protein (Fig. [4](#DDU415F4){ref-type="fig"}C). As control, a western blot showing that all the Flag-TDP-12xQ/N proteins were expressed at similar levels is presented in [Supplementary Material, Figure S4B](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu415/-/DC1). Figure 5.An immunofluorescence of HEK293 cells expressing the Flag-TDP-12xQ/N mutants proteins described in Figure [4](#DDU415F4){ref-type="fig"}A. The assay was performed using anti-Flag (red) and anti-TDP-43 (green) antibodies. The cell nuclei were stained with the reagent TOPRO-3. A merge between anti-Flag/anti-TDP-43 antibodies or anti-Flag/anti-TDP-43/TOPRO-3 is also shown.

We then performed an immunofluorescence assay in order to evaluate the capacity of each mutant to produce aggregates. As observed in Figure [5](#DDU415F5){ref-type="fig"}, after 72 h of tetracycline induction, all mutants formed aggregates in a similar way to Flag-TDP-12xQ/N. Most interestingly, also the Flag-TDP-12xQ/N ▵RRM1/2, ▵N mutant lacking residues 1--75 retained its capacity to generate aggregates but not to affect splicing. This suggests that the N-terminal region could be involved not so much in the aggregation process itself but in increasing the efficiency of the aggregates to capture endogenous TDP-43, an aspect that will warrant future in depth studies.

To further validate this possibility, we then performed co-immunoprecipitation and solubility fractionation assays. Figure [6](#DDU415F6){ref-type="fig"}A shows a co-immunopreciptiation in which induced Flag-TDP-12xQ/N and Flag-TDP-12xQ/N ▵RRM1/2, ▵N proteins were immunoprecipitated using an anti-Flag antibody as previously described. Co-precipitation of endogenous TDP-43 with each these Flag-proteins was then evaluated by western blot. As shown in Figure [6](#DDU415F6){ref-type="fig"}A, while Flag-TDP-12xQ/N was able to co-precipitate endogenous TDP-43 the interaction of this protein with Flag-TDP-12xQ/N ▵RRM1/2, ▵N was greatly diminished (Fig. [6](#DDU415F6){ref-type="fig"}A, compare lanes 3 and 4), consistent with the results observed in Figure [4](#DDU415F4){ref-type="fig"}. Interestingly, the same experiment was also repeated for the Flag-TDP-12xQ/N ▵RRM1/2, ▵C construct, and that in the experiments presented in Figure [4](#DDU415F4){ref-type="fig"} showed an intermediate effect in affecting the splicing profiles (both CFTR reporter and endogenous POLDIP3). The results of the co-immunoprecipitation confirmed that this mutant also had a reduced ability to pull down endogenous TDP-43 with respect to Flag-TDP-12xQ/N ([Supplementary Material, Fig. S6](http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu415/-/DC1)). However, although co-IP is not a properly quantitative technique, the level of the remaining interaction was consistently higher than that observed for the Flag-TDP-12xQ/N ▵RRM1/2, ▵N protein, providing a reason why the Flag-TDP-12xQ/N ▵RRM1/2, ▵C mutant still retained an intermediate ability to induce loss of function. Additionally, solubility fractionation was also performed from induced Flag-TDP-12xQ/N and Flag-TDP-12xQ/N ▵RRM1/2, ▵N proteins. In agreement with their ability to form inclusions, both Flag-proteins were present almost completely in the insoluble fraction (Fig. [6](#DDU415F6){ref-type="fig"}C, lines 4 and 8). As expected, endogenous TDP-43 shifted to the insoluble fraction when Flag-TDP-12xQ/N was induced (Fig. [6](#DDU415F6){ref-type="fig"}C, compare lines 7, 8 with 5, 6). However, in the presence of Flag-TDP-12xQ/N ▵RRM1/2, ▵N protein, the endogenous TDP-43 pattern between the S and P fractions remained the same (Fig. [6](#DDU415F6){ref-type="fig"}C, compare lanes 1, 2 with 3, 4). Figure [6](#DDU415F6){ref-type="fig"}B shows the inputs of the solubility experiment. Figure [6](#DDU415F6){ref-type="fig"}D shows the ratio of endogenous TDP-43 between soluble and insoluble fractions as quantified following three independent experiments. Figure 6.(**A**) A western blot from a co-immunoprecipitation between overexpressed Flag-TDP-12xQ/N or Flag-TDP-12xQ/N ▵1/2, ▵N and endogenous TDP-43 protein. After induction of the corresponding HEK293 cell lines, an immunoprecipitation was performed used an anti-Flag antibody. Upper panels show a western blot using an anti-Flag antibody of precipitated Flag-tagged proteins (left panels: inputs used in the assay, middle panel: immunoprecipitated proteins, right panel: negative control). Bottom panel shows a western blot using an anti-TDP-43 antibody of co-precipitated endogenous TDP-43 in each indicated condition. (**B**) A western blot using an anti-TDP-43 antibody from inputs of HEK293 stable cell lines expressing or not Flag-TDP-12xQ/N F4L or Flag-TDP-12xQ/N ▵RRM1/2, ▵N. (**C**) A cell lysate fractionation of Flag-TDP-12xQ/N F4L and Flag-TDP-12xQ/N ▵RRM1/2, ▵N stable cell lines. The soluble (S) and insoluble (P) fractions were separated by ultracentrifugation and the corresponding Flag-tagged proteins and endogenous TDP-43 were detected by western blot using an anti-TDP-43 antibody. (C) The distribution of endogenous TDP-43 between the P and S fractions under each condition from three independent experiments.

DISCUSSION {#s4}
==========

Nuclear factor TDP-43 plays a key role in several neurodegenerative diseases, principally ALS and FTLD ([@DDU415C43]--[@DDU415C45]). The most common features of these disorders, in fact, are represented by the presence of abnormal TDP-43 inclusions in the neurons of patients ([@DDU415C46]).

At the moment, however, it is still unclear how TDP-43 is involved in disease onset and progression. In particular, it is not known whether TDP-43 aggregates are toxic, protective or just a non-pathological epiphenomena (unlikely) since controversial data have been observed from both *in vitro* ([@DDU415C16],[@DDU415C29]) and *in vivo* ([@DDU415C30],[@DDU415C47]) models. What is very clear at this moment; however, is that lack of TDP-43 activity can have very serious consequences on the general cellular metabolism. In support of this conclusion, several different works have demonstrated that knockdown of TDP-43 causes *in vivo* neurodegeneration ([@DDU415C48]--[@DDU415C50]).

The Q/N region of TDP-43 has been shown to be involved in aggregate formation and in the interaction of TDP-43 with inclusions ([@DDU415C15]--[@DDU415C17]). Our original cellular model, based on the EGFP-12xQ/N construct, was based on 12 tandem repetitions of the core Q/N region (aa 339--369) of TDP-43 ([@DDU415C16]). Aggregates were preferentially cytoplasmic and had the capacity at least in part to trap exogenous full-length TDP-43 and at least part of the endogenous protein. However, these aggregates were neither toxic nor capable of inducing appreciable loss-of-function effects at the RNA splicing level when induced in different cell lines including primary neuronal cultures ([@DDU415C16]).

Now, we have generated a new TDP-43 cellular aggregation model that can efficiently induce prominent loss-of-function effects. This model was obtained by cloning 12xQ/N repetitions at the C-terminus of the WT TDP-43 protein. Most importantly, following formation of these aggregates, we were able to observe a clear loss-of-function effect both using a minigene approach and looking at the endogenous gene splicing pattern (POLDIP3/SKAR). This loss of TDP-43 function could be explained because of endogenous TDP-43 was able to interact fully with Flag-TDP-12xQ/N aggregates and to be totally sequestered in the insoluble aggregate. We also observed that the nuclei from some cell populations were almost completely depleted for both endogenous and exogenous TDP-43. The aggregates also presented a mixed distribution as the presence of TDP-43 inclusions was observed in cell cytoplasm, in nuclei or both, indicating that the loss of TDP-43 function was mostly due to the generation of a nonfunctional aggregated form of TDP-43 in any part of the cell.

Our new model, schematically represented in Figure [7](#DDU415F7){ref-type="fig"}, also allowed us to study the importance of other TDP-43 domains in the protein aggregation process. First of all, we confirmed previous data indicating that the RNA-binding activity is not necessary for TDP-43 aggregation ([@DDU415C16]). In addition, we also observed that deletion of the 75 N-terminal residues of Flag-TDP-12xQ/N abolished the ability of the aggregates to efficiently induce loss-of-function effects. This result is particularly interesting as is consistent with previous studies which demonstrated that the N-terminal domain (residues 1--105) is involved in TDP-43 protein oligomerization *in vitro* ([@DDU415C51]) and in TDP-43 intermolecular interactions in cell culture ([@DDU415C29],[@DDU415C52]). Most recently, the involvement of the N-terminal domain in TDP-43 aggregation was also proposed in a cellular aggregation model where TDP-43 full-length aggregates were triggered by disrupting the NLS signals (GFP-TDP-43~NLSm~) as previously described ([@DDU415C27]). In this case, however, it should be noted that mutating the NLS is just a way to increase the amount of TDP-43 production through its autoregulation process ([@DDU415C6],[@DDU415C7]) by increasing the amount of this protein that is made by the cell and exported to the cytoplasm with minimal return to the nucleus. Furthermore, Zhang *et al*. ([@DDU415C53]) found that the deletion of residues 1--10 (GFP-TDP-43~10-4014-NLSm~) eliminated the interaction with full-length TDP-43 (MYC-TDP-43). A difference between the Zhang *et al*. model and ours is that, in our case, the elimination of the residues 1--75 from Flag-TDP-12xQ/N did not disrupt aggregate formation, but reduced the efficiency of interaction with endogenous TDP-43. These results indicate that the N-terminal portion of TDP-43 fulfills an important role in an aggregation context by mediating the interaction between endogenous TDP-43 and the aggregates. It should nonetheless be noted that the Co-IP results presented in Figure [6](#DDU415F6){ref-type="fig"} show that removal of this region does not completely abolish the ability of the mutant to interact with endogenous TDP-43. This further strengthens the concept that TDP-43 oligomerization is mediated by several regions of this protein that co-operate to mediate this self-interaction whose functional significance remains still to be explored. Figure 7.A schematic model of how aggregation does not necessarily correlate with loss of function. In particular, loss of TDP-43 function occurs only when the endogenous TDP-43 is able to interact with very high efficiency with Flag-TDP-12xQ/N ▵RRM1/2 aggregates and to be totally sequestered in the insoluble aggregate. The question mark reflects the fact that we still do not know whether the Q/N region and the N-terminus interact with each other or only among themselves. On the other hand, deletion of the 75 N-terminal residues of TDP-43 in the Flag-TDP-12xQ/N ▵RRM1/2, ▵N mutant abolished the ability of the aggregates to efficiently induce loss-of-function effects, being much less able to sequester endogenous TDP-43.

In conclusion, the model developed in this work gives us valuable information on the structural determinants of TDP-43 loss of function through aggregation, thus opening the way to new strategies aimed to overcome the TDP-43 loss of function in neurodegenerative diseases. Most importantly, our data have uncovered an essential difference between aggregation *per se* and loss of function. In fact, much emphasis has been given to the aggregation process in most models, but not to functional consequences. Our observations have now filled this gap showing that obtaining some aggregation of endogenous TDP-43 is not enough to modify the RNA processing stages in which this protein is involved. This is not surprising as a reduction of TDP-43 returning to the nucleus can be compensated by the self-regulation mechanism that will increase TDP-43 production as necessary. In our case, however, the contribution of the N-terminus is critical to enhance the efficiency of the aggregates to trap endogenous TDP-43 in a nonfunctional insoluble form, and eventually overcome the capacity of the cell to compensate for a drop of TDP-43 nuclear levels.
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